Introduction
Pluripotent stem cells represent an attractive strategy for treating neurologic diseases, and early successes in animal models have generated optimism for their use to restore or maintain function in humans. These cells have been shown to replace damaged or lost neural cells (Liu et al., 1999a; Yandava et al., 1999; Kondziolka et al., 2000) , provide enzymatic machinery to correct metabolic defects (Snyder et al., 1995; Lacorazza et al., 1996) , deliver trophic or tropic support to host neural cells (Liu et al., 1999a) , provide cellular bridges between neural populations disconnected by disease such as spinal cord injury (Onifer et al., 1997; McDonald et al., 1999) , and deliver toxic substances to combat neoplastic processes (Benedetti et al., 2000) .
Human pluripotent stem cells can be derived from the inner cell mass of blastocysts (embryonic stem cells) or from the primordial germ cells of the gonadal ridge (embryonic germ cells; EG cells) (Shamblott et al., 1998) . EG cells differentiate by forming complex three-dimensional cell aggregates termed embryoid bodies (EBs), which may contain pluripotent cells and cells in various stages of differentiation. Cultured cell lines derived from EBs, embryoid body-derived cells (EBDs), have been expanded in semi-selective growth environments, proliferate robustly with a normal karyotype, and have been characterized for expression patterns (Shamblott et al., 2001 ). These cell lines express a wide range of lineage-specific markers, and some have neurally biased expression patterns. One of the cell lines (SDEC) that express relatively high levels of nestin and other neural markers was chosen for the current study.
Neuroadapted Sindbis virus (NSV) is a neuronotropic, singlestranded RNA virus that specifically targets motor neurons in the spinal cord, causing hindlimb paralysis in mice Griffin et al., 1994; Kerr et al., 2002) . Although NSV is cleared from animals within 7-10 d after infection, it triggers progressive motor neuron death, resulting in permanent hindlimb paralysis. Here we have adapted this model of motor neuron degeneration to rats and have investigated whether human EBD cells could restore function to paralyzed animals with virusinduced motor neuron disease. Transplantation of EBD cells shortly after the onset of paralysis resulted in partial restoration of function at 3 and 6 months, whereas control animals remained paralyzed. Although EBD cells acquired the immunohistochemical features of mature neurons, they did so inefficiently, and the recovery of function was independent of the reconstitution of motor neurons. Rather, EBD cells protected host motor neurons from death and enhanced the recovery of synaptic complement on motor neuron soma, likely because of the secretion of trophic factors including transforming growth factor-␣ (TGF-␣) and brain-derived neurotrophic factor (BDNF).
Materials and Methods
Sindbis virus. NSV was passaged into 3-to 4-week-old Lewis rats via intracranial inoculation to generate a strain of Sindbis virus (rat-adapted NSV, raNSV) that caused paralysis in rats. Rats were inoculated initially with 1000 plaque-forming units (PFU) of NSV while subsequent animals were inoculated with 1000 PFU isolated from brain lysate of the previous passage. Initial titers were ϳ1-2 ϫ 10 4 PFU/100 mg of tissue. After passage 4 the viral titers increased to ϳ10 6 PFU/100 mg of tissue, and the animals developed an encephalomyelitis characterized by hindlimb paralysis. By passage 6 virtually all rats developed some degree of paralysis, although mortality from the encephalomyelitis remained low at ϳ5%. Virus was cleared in large part from these animals by day 8 -9 (maximal titers of 10 1 PFU/100 mg of tissue). Viral lysate was generated from passage 6 rats and was used for all subsequent transplantation experiments.
Quantitation of neuronal death. Animals were anesthetized by intraperitoneal injection of 2 ml of 2.5% Avertin and were killed by intracardiac perfusion of saline, followed by fresh 4% paraformaldehyde (PFA) in PBS. The spinal cord and all lumbar roots and associated nerves were dissected en bloc. For ventral root counting, tracing the sciatic nerve into the spinal roots identified ventral roots L3, L4, and L5. A 3 mm segment of the L4 ventral root was isolated midway between the spinal cord and dorsal root ganglion, postfixed in 5% glutaraldehyde for 24 hr, and stored in PBS. Ventral roots from three animals at each time point were examined. These root segments were osmicated and embedded in plastic; the 1 m sections were stained with toluidine blue. The numbers of axons within each root segment were determined by standard stereology techniques at light level; all profiles with a distinct ring of compact myelin were counted by using a Bioquant Morphometric system (R & M Biometrics, Memphis, TN)
Human embryonic germ-derived culture. Human pluripotent embryonic germ (EG) culture SD was generated from primordial germ cells as described (Shamblott et al., 1998) . Embryoid bodies formed in the presence of leukemia inhibitory factor were disaggregated with Collagenase/ dispase (Roche, Indianapolis, IN), and the constituent cells (EBD cells) were grown in medium containing 5% serum, bFGF (basic fibroblast growth factor), EGF (epidermal growth factor), VEGF (vascular endothelial growth factor), and IGF1 (insulin-like growth factor 1) (Clonetics EGM2MV, Cambrex, East Rutherford, NJ) and a collagen 1I biomatrix (the bold letters indicate the derivation of the name of the particular EBD culture used in the present study, SDEC). Like many of the EBD cultures grown in this environment, SDEC has a high proliferative capacity (Ͼ70 population doublings) with a normal, genetically unmodified karyotype. SDEC was selected from a collection of ϳ100 human EBD lines and cultures on the basis of the relatively high levels in vitro of mRNA, protein expression of neural precursor and neuronal and glial markers such as nestin, and neurofilament light chain as well as its high proliferative capacity (Shetty et al., 1994; Shamblott et al., 2001) . Then the cells were washed four times in PBS, trypsinized, washed an additional three times, and resuspended in PBS at a cellular density of 30,000 cells/l.
Behavioral analysis and statistical analyses. The 21 point Basso, Beattie, and Bresnahan (BBB) scale was used as an outcome measure for hindlimb recovery in treated rats. Because of the nonparametric nature of the data (as determined by using tests of normality and skewed distribution of each treatment group at each time point), nonparametric tests were used to analyze the BBB scores. Nonparametric equivalent tests of ANOVA and repeated measures ANOVA were used to increase the robustness of the results. The Kruskal-Wallis test was performed to analyze BBB scores across groups at each time point, and Friedman's nonparametric repeated measures comparison was used to analyze differences in BBB scores across time within a treatment group. These tests were used because they make no assumptions about the distribution of the data such as normality. Change in time to righting at 12 and 24 weeks between the control and EBD groups also was analyzed with the Kruskal-Wallis test. Bonferroni correction was used also to test for statistical significance at the 5% level after adjustment that was based on the number of groups that were compared.
Hindlimb grip strength testing was done by using a Chatillon CE digital force gauge (model DFIS 2, Ametek, Paoli, PA). Readings were taken in T-peak and measured in pounds of force. The animals were supported by the examiner under their forelimbs. Then the hindlimbs were lowered to the grip bar until the animal attempted to hold onto the bar. The animal was moved away from the bar slowly and was force measured if the animal exerted active force against that movement. Each animal was given three trials per examining period. The mean digital force gauge (DFG) values were compared with the Kruskal-Wallis test among BHK, human fibroblast-transplanted, and EBD-transplanted animals at 12 and 24 weeks after transplantation. Change in time to righting at 12 and 24 weeks between the control and EBD groups also was analyzed with the Kruskal-Wallis test. Bonferroni correction was used to test for statistical significance at the 5% level after adjustment that was based on the number of groups that were compared.
Animal care. At 8 d after raNSV infection the rats were anesthetized, and a lumbar cannula was inserted caudal to the L6 nerve root. A laminotomy was performed, and a heparinized 26 gauge cannula was inserted with the tip positioned 5 mm rostral to the laminotomy. The cannula was secured with Loctite bone cement (Henkel Loctite, Louisville, KY). Cells were administered in a final volume of 10 l in PBS, followed by 5 l of PBS to wash the cells through the cannula. All rats were given cyclosporine (Calbiochem, San Diego, CA) at 10 mg/kg per day on the day before surgery/transplantation and then every day after surgery.
Immunohistochemistry. For quantitation of EBD engraftment five NSV-paralyzed and five uninfected animals that had been transplanted were killed as described above at 1 month after transplantation. After perfusion with 4% PFA, spinal columns were dissected and postfixed for 1-2 hr in 4% PFA in PBS. Spinal cords were cryoprotected, and every 50th 25 m section spanning the entire spinal column was collected on glass slides. Slides were permeabilized in 0.1-0.4% Triton X-100, blocked with normal serum, and then incubated overnight with primary antibodies. Presented photomicrographs in Figures 1-3 and 5 are from the lumbar enlargement of the spinal cord. Quantitation of surviving human EBD cells and colocalization of human cells with neural antigens were performed with human-specific antibodies [polyclonal anti-SOD1 (Pardo et al., 1995) , anti-nuclear matrix protein 1 (Numa; NA08, Oncogene Research Products, San Diego, CA), or anti-human nuclei (mAb 1281, Chemicon,Temecula, CA)] and a variety of other antibodies to neural antigens [CNPase (clone 11-5B, Sigma, St. Louis, MO), ␤3-tubulin (Research Diagnostics, Flanders, NJ), glial fibrillary acidic protein (GFAP; Ab5804, Chemicon), choline acetyltransferase (ChAT; Ab5042P, Chemicon), and MAP2 (Ab5622, Chemicon)]. Staining with synaptophysin (mAb 5358, Chemicon) in conjunction with Nissl red (1:100; Molecular Probes, Eugene, OR) was performed at 6 months after transplantation. The possibility of cell fusion was assessed by dual immunohistochemistry with human-specific SOD-1 antibody and MO-1 antibody (ATCC, Manassas, VA), which are specific for rat neurons. Bromodeoxyuridine (BrdU) staining was performed with a sheep polyclonal antibody (Research Diagnostics). Tissue was fixed in cold methanol for 30 min and immersed in 0.007N NaOH for 10 -15 sec, followed by permeabilization/blocking as above. Unbiased counting was used to score the number and distribution of Numa ϩ cells in the spinal cord with an optical dissector procedure (Sterio, 1984; Kuhn et al., 1997; West, 1999; Benraiss et al., 2001) . We sampled 60 sections per animal for both experimentals and controls. For each, every 50th section was stained at 25 m intervals. The first section of each axial series was chosen randomly from the most caudal end of the spinal cord.
EBD cells were colocalized with neural antigens by using two-color confocal imaging with a Zeiss LSM510 microscope (Oberkochen, Germany). Images were acquired in both red and green emission channels by using an argon-krypton laser with single-channel, line-switching mode. Images were acquired as series of single 0.9 m optical sections and viewed as z-dimension reconstructions with orthogonal views in the x-z and y-z planes.
For retrograde labeling the animals were anesthetized, and one sciatic nerve was transected at the location at which the L4 -L5 roots join. Alexa Fluor-conjugated dextran (Molecular Probes) crystals (ϳ10 mg) were placed at the proximal stump (ϳ15 mm from the spinal cord). Animals were allowed to recover for 48 hr and then were killed.
Organotypic spinal cord culture. Organotypic spinal cord cultures were prepared from lumbar spinal cord slices obtained from 8-d-old rat pups (Rothstein et al., 1993) . Briefly, cords were harvested under sterile conditions and cut into 350 m sections. Sections were transferred to Millipore (Bedford, MA) Millicell-CM porous membranes and maintained in an incubation medium (50% MEM, 25 mM HEPES, 25% heatinactivated horse serum, and 25% HBSS supplemented with 25.6 mg/ml D-glucose and 2 mM glutamine at a final pH of 7.2). For immunohistochemistry the organotypic cultures were fixed with 4% PFA in 0.1 M phosphate buffer, pH 7.4, for 30 min at room temperature. After being blocked with 5% normal horse serum in 0.2% Triton X-100 for 1 hr, the cultures were incubated overnight at 4°C with the following primary antibodies: human nuclei (Chemicon), SMI-32 (Sternberger Monoclonals, Lutherville, MD), and growth-associated protein 43 (GAP43; Chemicon). For immunofluorescence the sections were incubated for 1 hr in secondary antibody (Texas Red anti-mouse or fluorescein antirabbit; Vector Laboratories, Burlingame, CA); after this the cultures were washed and mounted with Gel/Mount solution (Biomeda, Foster City, CA). The SMI-32 antibody was used with a biotinylated anti-mouse secondary antibody (Vector Laboratories), and after incubation with ABC reagents (Vector Laboratories) the diaminobenzidine reaction was used for color development.
Endogenous neurogenesis. Rats were administered 100 mg/kg BrdU (Sigma) intraperitoneally every hour for 36 hr from days 12-15 after raNSV infection. Animals then were killed at day 16 or 36 for analysis of BrdU ϩ (day 16), BrdU ϩ /nestin ϩ (day 16), BrdU ϩ /Tuj1 ϩ (day 36), or BrdU ϩ /GFAP ϩ cells (day 36) as above. Motor neuron culture. Motor neurons were cultured as previously described (Vandenberghe et al., 1998) . In brief, ventral spinal cords were dissected from 14-d-old Wistar rat embryos in HBSS, cut into 1 mm pieces, and digested in 0.05% trypsin in HBSS for 15 min at 37°C. A motor neuron-enriched neuronal population was purified from the ventral spinal cord by centrifugation on a 6.5% metrizamide cushion and then immunopanned by using the 192 mouse IgG attached to a dish previously coated with anti-mouse antibodies. The motor neuronenriched suspension was cultured on a glial feeder layer that had been preestablished on 18-mm-round glass coverslips coated with poly-Lornithine and laminin. The culture medium consisted of L15 supplemented with 0.2% sodium bicarbonate, 3.6 mg/ml glucose, 20 nM progesterone, 5 g/ml insulin, 0.1 mM putrescine, 0.1 mg/ml conalbumin, 30 nM sodium selenite, 100 IU/ml penicillin, 100 g/ml streptomycin, and 2% horse serum. The cultures were kept in a 7% CO 2 -humidified incubator at 37°C.
Then 12 hr later the L15 medium with sodium bicarbonate, progesterone, and glucose or the same medium previously conditioned on confluent EBD cells for 24 hr was added to the motor neuron culture. There was no deleterious effect of culturing EBD cells in this medium for periods of time Ͻ36 hr. At 24 hr after the addition of the conditioned medium the cells were fixed in 4% paraformaldehyde and immunolabeled with antiChAT antibody. The number of ChAT ϩ cells in 20 high power fields was scored.
Enzyme-linked immunosorbent assay. BDNF, glial cell line-derived neurotrophic factor (GDNF), neurotrophin (NT) 3, NT4, and nerve growth factor (NGF) secretion by EBD cells was assessed in EBDconditioned medium by using E-max ImmunoAssay System Kits for these neurotrophic factors and by following the manufacturer's recommendations (Promega, Madison, WI) in an antibody sandwich format. In all cases 10 5 EBD cells were placed in a 60 mm tissue culture dish with 1 ml of medium. Medium was added and 24 hr later was removed for ELISA analysis. TGF-␣ ELISA was performed according to the manufacturer's instructions (Calbiochem) with slight modifications (Geng et al., 2000) .
Neutralizing antibodies. Anti-TGF-␣ antibody (TGF-A clone; Research Diagnostics), anti-BDNF (AB-1, GF35L; Novagen), and control mouse IgG (Sigma) were used at 0.5 g/ml.
Results

Rat model of motor neuron degeneration
We developed a model in rats characterized by widespread lower motor neuron loss. NSV is a neuronotropic virus that causes an acute encephalomyelitis in mice when inoculated intracranially (Jackson et al., 1987; Lustig et al., 1988) . Animals develop progressive weakness and atrophy with extensive spinal motor neuron loss, resulting in permanent paralysis (Jackson et al., 1987; Griffin et al., 1994; Kerr et al., 2002) . By serial passage of NSV into rat brains, we generated an NSV derivative (raNSV) that induced a similar pathology in infected rats. After intracranial inoculation of raNSV the rats developed progressive kyphoscoliosis ( Fig. 1 A, left), indicating thoracic muscle weakness and hindlimb paralysis beginning 4 -6 d after infection ( Fig. 1 A, right) . raNSV has a relative tropism for motor neurons, as shown by infection with an NSV clone encoding green fluorescent protein ( Fig. 1 B) , which explains in part the selective loss of this neuronal population. At 10 d after infection with raNSV the surviving animals typically have reached the maximal degree of paralysis and in large part have cleared virus from the spinal cord (viral titers Ͻ10 1 PFU/100 mg of tissue; our unpublished data). At 28 d after raNSV infection a marked loss of ventral motor neurons was observed in the lumbar enlargement (compare section from nonparalyzed rat, left, with section from paralyzed rat, right; Fig. 1C ). Ventral nerve roots (VR) showed fulminant degeneration of motor axons (Fig. 1 D) , whereas dorsal nerve roots (DR) remained mainly intact, indicating the relative specificity of motor neuron death after raNSV infection. Further analysis of the L4 ventral roots revealed Wallerian degeneration, with progressive loss of motor axons at 28 d after infection (Fig. 1 E, right) as compared with motor roots from uninfected animals ( Fig. 1 E,  left) . Muscle biopsy of paralyzed animals revealed severe neurogenic atrophy with angulated and degenerating fibers (compare nonparalyzed rat, left, with paralyzed rat, right; Fig. 1 F) consistent with a lower motor neuron injury. Even surviving motor neurons in the lumbar spinal cord had a markedly diminished synaptic complement on their soma at 28 d after infection, as indicated by diminished synaptophysin staining (compare uninfected, left, with raNSV-infected, right; Fig. 1G ). Thus the paralysis of animals may be attributable to both motor neuron loss and to reactive deafferentation of remaining neurons in response to the infection. Electrophysiologic evaluation revealed a marked reduction of compound motor action potential amplitude in the intrinsic foot muscles of paralyzed animals (compare 5.12 mV in a normal animal with no recordable motor action potential in completely paralyzed rats; Fig. 1 H) and abnormal fibrillation activity on needle electromyography, further supporting an acute neurogenic etiology for the paralysis (Fig. 1 H, bottom) . Examination of the temporal features of neural injury revealed progressive loss of axons in the L4 ventral nerve root 2 mm from the spinal cord out to 28 d after infection. There was rapid loss of ventral axons after infection, with ϳ50% loss by 8 d after infection (Fig. 1 I) and 80% loss by 28 d after infection. Comparable data were found by quantitative analysis of surviving motor neurons in the lumbar enlargement (data not shown), confirming that proximal L4 ventral axon number is an appropriate surrogate marker for neuronal death in this model. Acute motor neuron death during raNSV infection is mediated in part by excitotoxic injury even of noninfected neurons (data not shown), although mechanisms of progressive motor neuron death after viral clearance are unclear. Therefore, raNSV triggers fulminant and progressive motor neuron injury in rat spinal cords, resulting in hindlimb paralysis.
Transplantation with human embryonic germ-derived cells
To investigate whether EBD cells have the capacity to restore neurologic function to raNSV-paralyzed rats, we transplanted 300,000 cells into the spinal fluid of rats via a lumbar cannula 8 d after NSV infection. At 4 weeks after transplantation Hoechstand BrdU-prelabeled EBD cells were found both adherent to the meninges and within the spinal cord (Fig.  2 A-E) in transplanted animals, whereas no signal was seen in tissue from animals given prelabeled, killed EBD cells (data not shown). The ability of transplanted EBD cells to survive and migrate into the spinal cord was confirmed by finding cells immunoreactive to human-specific nuclear matrix antigens (Numa; Fig. 2 D) and human-specific superoxide dismutase 1 (SOD1; Fig. 2 F) .
To examine the rostrocaudal distribution of EBD cells, we sampled humanspecific cells (defined by immunoreactivity to human-specific nuclear matrix antigen) in every 50th spinal cord section at 4 weeks after transplantation. The number of surviving human Numa ϩ cells per rat that was adherent to the meninges or within the spinal cord was determined and grouped in 1 cm intervals (Fig. 2G ,H, Table 1). Surviving EBD cells were distributed widely over the rostrocaudal length of the spinal cord, with nearly one-half of the cells (48%) 3 cm or greater from the cannulation site. When all surviving human cells were counted (either adherent to the meninges or parenchymal), rostrocaudal distribution and total cellular survival were similar in nonparalyzed (open circles) and raNSV-paralyzed animals (filled circles; Fig. 2G , Table 1 ). However, the number and percentage of intraparenchymal cells were reduced significantly in nonparalyzed animals (673 Ϯ 61 vs 122 Ϯ 22 per animal; 37 vs 6.5% of the surviving cells; p ϭ 0.001; Fig. 2 H, Table 1 ), suggesting that migration into the spinal cord depended on local cues in paralyzed animals. We estimate that ϳ90,000 EBD cells survived to 1 month after transplantation (30% of transplanted cells). In paralyzed animals 37% of cells engrafted within the spinal cord parenchyma, and, therefore, an estimated 33,650 EBD cells survived within the spinal cord at 1 month after transplantation. These studies thus show that EBD cells administered via the lumbar CSF can be found over a wide area of the rostrocaudal axis of the spinal cord and that they can migrate into the spinal cords of rats with acute motor neuron injury.
Expression of neuronal markers by EBD cells
To determine the ability of EBD cells to acquire immunohistochemical markers of neural cells, we performed dual-color microscopy of spinal cord sections from transplanted animals at 4 weeks after transplantation. Some of the EBD cells expressed markers characteristic of astrocytes (Fig. 3A) , neurons (Fig.  3B,C) , or, rarely, cholinergic neurons (ChAT; Fig. 3D ). The colocalization of EBD cells with neural antigens was confirmed by generating 0.9 m z-stack series with orthogonal x-z and y-z images (Fig. 3A,B,D,F ) . None of the EBD cells expressed the ratspecific epitope identified by the MO-1 antibody (Urakami and Chiu, 1990; Chen et al., 1995) (data not shown), indicating that cell fusion is not associated with the adoption of neural pheno- show prominent Wallerian degeneration. F, Muscle biopsy of paralyzed (right) and control (left) rat. Note neurogenic atrophy with angulated and degenerating fibers in the paralyzed rat, with marked variation in fiber size. G, Loss of presynaptic input to surviving motor neurons after raNSV infection. Note the reduction in synaptophysin contacts (green; arrows reflect synaptic contacts) onto motor neurons 28 d after infection (right) as compared with uninfected motor neurons. H, Electrophysiologic recordings of nonparalyzed and paralyzed rats. Shown are normal compound motor unit potentials in nonparalyzed rat (5.12 mV; top), absent motor action potential in severely paralyzed rat (middle), and positive sharp waves on EMG in raNSV-paralyzed rat (bottom). I, Temporal course of motor neuron loss after raNSV infection as defined by quantitation of ventral L4 root axons. Stereologic examination of semithin sections was performed. Sections from three animals were examined at each time point. Data are presented as the mean at each time point Ϯ SE, with the y-axis representing number of ventral axons.
types (Terada et al., 2002; Ying et al., 2002) . Because the frequency of neuronal differentiation was low and not related to the functional recovery (see below), we have not characterized the expression pattern of ChAT ϩ human-derived neurons further. Therefore, this differentiation may reflect differentiation toward spinal motor neuron or, alternatively, to other cholinergic neuronal phenotypes. To investigate whether engrafted EBD cells sent out processes from the ventral horn into the periphery, we examined retrograde labeling of neurons in the lumbosacral spinal cord of a subset of animals. One sciatic nerve in each animal was transected at the site at which the L4 -L5 contributions merge (15 mm from the spinal cord). Crystals of a fluorescently conjugated leptin (Alexa Fluor dextran conjugate) were placed at the proximal stump of the sciatic nerve; then the animal was allowed to recover for 48 hr. This reagent has minimal intercellular transfer and therefore labels only primary axons and cell bodies (Schmued et al., 1990; Vercelli et al., 2000) . Animals then were killed and examined for the presence of retrogradely labeled cells within the lumbosacral spinal cord. In transplanted animals the vast majority of prelabeled EBD cells remained small with no retrograde labeling, although, rarely, we detected one to two large EBD cells that retrogradely labeled (Fig. 3 E, F ) . Control animals had a second sciatic nerve transection more proximal to the original site to prevent axonal transport of the chemical and did not exhibit any intraspinal label. In both presented panels (Fig. 3E,F ) retrogradely labeled and nonretrogradely labeled EBD cells are seen, confirming the specificity of the label. Interestingly, we did not detect retrograde labeling of EBD cells in regions with no remaining host motor neurons, and the rare retrograde labeling of EBD cells occurred in a relatively spared region with some preservation of host motor neurons in the area (Fig. 3E,F ) , suggesting that remaining host neurons influence the ability of EBD cells to extend processes.
Examination of the immunohistochemical features of surviving EBD cells at 4 weeks after transplantation revealed that ϳ30% of cells immunoreactive for human nuclear antigen (Numa) cells also expressed GFAP (Table 2) . Of the surviving human cells 4.41% expressed ␤3-tubulin, 0.06% expressed ChAT, and 0.36% of cells expressed the oligodendrocyte marker O4
ϩ . Approximately 60% of surviving EBD cells expressed none of these markers and thus presumably remained in a somewhat undifferentiated state. Because virtually none of the surviving EBD cells that remained adherent to the meninges expressed neural antigens, we estimate that ϳ10,085 human GFAP ϩ cells, 1483 human ␤3-tubulin ϩ cells, and 20 human choline acetyltransferase cells existed in the transplanted spinal cords at 1 month after transplantation.
Functional recovery of paralyzed rats
To determine whether EBD cell engraftment within the spinal cords of paralyzed rats resulted in any functional recovery, we transplanted 15 rats with EBD cells (filled triangles), baby hamster kidney (BHK) cells (open triangles), or 15 human fibroblast (HF) cells (filled circles; Fig. 4 A) . All animals received the immunosuppressant FK506 daily for the duration of the experiment. After transplantation the animals were coded, housed in mixed cages (control and experimental animals), and scored according to the BBB locomotor score (Basso et al., 1995) by two raters who were blinded to the treatment regimens. The code for the transplantation regimen was not broken until 24 weeks after transplantation. Baseline BBB scores were similar in the three groups (2.05 Ϯ 0.2 for EBD-, 2.24 Ϯ 0.42 for BHK-, and 2.1 Ϯ 0.34 for HF-transplanted animals). None of the three groups of animals exhibited any significant recovery at 4 or 8 weeks after transplantation. By 12 weeks, however, animals in the EBD group showed significant improvement in hindlimb locomotion as compared with control-transplanted animals (6.12 Ϯ 0.79 for EBD vs 2.14 Ϯ 0.36 for BHK and 2.07 Ϯ 0.29 for HF; p ϭ 0.004). There was slight additional recovery at 24 weeks exclusively in the EBDtransplanted group (6.86 Ϯ 0.68 for EBD, 2.11 Ϯ 0.2 for BHK, and 2.01 Ϯ 0.23 for HF-transplanted animals; p ϭ 0.0001).
As an additional objective measure of functional recovery, the animals were evaluated blindly for hindlimb grip strength. raNSV induced a decrease in hindlimb strength from a mean of 0.27 Ϯ 0.03 lb of pressure to 0.01 Ϯ 0.00 lb of pressure by the time of transplantation (Fig. 4 B) . By 12 and 24 weeks after transplantation BHK-transplanted (open triangles) and HF-transplanted (filled circles) animals exhibited no return of hindlimb grip strength, whereas EBD-transplanted rats (filled triangles) had significant improvement in hindlimb strength (open circles; 0.09 Ϯ 0.025 at 12 weeks and 0.11 Ϯ 0.27 at 24 weeks; p Ͻ 0.001).
Additionally, the animals in both groups were investigated for their ability to right themselves from a supine position as another marker for torso and limb strength (Fig. 4C ). Animals were given two blinded trials at each time point, and the sum time required for righting was noted. Then they were retested at 24 weeks after transplantation, and the change in time to righting was recorded. In the HF-treated animals there was little difference in the time required for righting between 0 and 24 weeks (1 of 15 animals performed better at 24 weeks by Ն3 sec; mean ⌬ score, Ϫ0.6 sec). However, at 24 weeks 11 of 15 EBD-transplanted animals performed better at this task compared with their baseline (mean ⌬ score, 6.93 Ϯ 1.17 sec; p ϭ 0.0001). Therefore, by three measures of functional recovery the transplanted animals partially regained hindlimb function, whereas nontransplanted animals did not.
Possible mechanisms of EBD-induced motor recovery
Because it was clear that the functional recovery of animals was not attributable to structural reconstitution of motor neurons by EBD cells, we examined alternative mechanisms to explain this. Specifically, we investigated the possibility that transplantation of EBD cells altered the local microenvironment and enhanced survival and connectivity of surviving host cells. Initially, we considered the possibility that transplantation of EBD cells initiated endogenous neurogenesis within the spinal cord (Fig. 5A) . We pulsed animals with BrdU at 12-15 d after infection and then killed the animals at day 16 or 36 after infection to determine the proliferation of cells within the spinal cord. Similar to that seen in traumatic spinal cord injury in adult rodents (Weiss et al., 1996; Kehl et al., 1997; Johansson et al., 1999; Horner et al., 2000; Shihabuddin et al., 2000; Yamamoto et al., 2001) Examination of spinal cords in EBD-and HF-transplanted animals at 6 months after transplantation revealed two significant differences: enhanced host motor neuron survival and reafferentation of motor neuron soma in EBD-transplanted animals. We counted L4 ventral axons in all transplanted animals at 6 months after transplantation as a surrogate marker for motor neuron survival. We found a significantly increased number of surviving ventral axons in EBD-transplanted animals as compared with HF-transplanted animals (338.33 Ϯ 11 vs 294 Ϯ 8.73; p Ͻ 0.03; Fig. 5B ), suggesting that EBD transplantation halted or slowed the progressive motor neuron death triggered by raNSV. Although we cannot exclude a baseline inequality in motor neuron survival between the groups, the observation that they had identical baseline clinical measures of paralysis (Fig. 4) suggests that this is unlikely.
Because it remained unclear that this finding could account for the functional recovery that was seen, we examined whether EBD transplantation facilitated reafferentation of surviving motor neurons (Fig. 5C,D) . Indeed, we found that spinal motor neurons from EBD-transplanted rats had markedly increased synaptophysin contacts as compared with HF-transplanted animals (10.95 Ϯ 0.65 vs 18.54 Ϯ 1.14; p Ͻ 0.02; Fig. 5D ), suggesting that host spinal cord axons had reestablished synaptic contact with them. It is likely, therefore, that EBD transplantation facilitated a partial locomotor recovery via modulation of the local microenvironment, resulting in diminished motor neuron loss and enhanced axonal growth onto surviving motor neurons.
We found that EBD cells had a similar ability to stimulate axonal growth and facilitate motor neuron survival in vitro (see below) and examined the possibility that secretion of trophic factors mediates these effects. We plated 10 5 EBD cells in 1 ml of medium and examined the presence of various neurotrophic factors in the medium 24 hr later. EBD cells undergo 0.6 population doublings every day (data not shown), and there were 1.6 ϫ 10 5 cells present at the time of supernatant removal and testing. EBD cells secrete significant amounts of BDNF (332 Ϯ 26 pg/ml) and TGF-␣ (140 Ϯ 16.35 ng/ml), but not GDNF, NT3, or neurturin. When we use the mean number of cells present during the 24 hr period, this corresponds to 255 pg of BDNF per 10 5 cells/d and 107 ng of TGF-␣ per 10 5 cells/d. We found that EBD cells, placed outside the margin of spinal cord organotypic cultures, stimulated extensive axonal projections (Fig. 5E ) and upregulation of GAP43 within the axonal growth cones (Fig. 5F ). Spinal axons grew up to 1.2 mm from the margin of the culture in 2 weeks after the placement of EBD cells in the culture dish (data not shown) and ultimately invaded and surrounded the cluster of EBD cells (Fig. 5F ). Incubation of spinal organotypic/EBD cocultures with neutralizing antibodies to BDNF, but not to TGF-␣, diminished the number of axons emerging from the organotypic culture (41.3 Ϯ 7.2 vs 16.2 Ϯ 5.23 with anti-BDNF; p ϭ 0.007; Fig. 5G ). This indicates that EBD cells stimulated spinal neuron axonal growth by secreting BDNF Orthogonal images confirm the colocalization of GFAP, ␤3-tubulin, and ChAT with human-specific nuclear matrix antigen staining. E, F, Rare retrograde labeling ofprelabeledEBDcellsfromthesciaticnerve.E,RareHoechst-prelabeledEBDcells(blue)inthelumbar gray matter that were retrogradely labeled from the sciatic nerve (green) and were strongly Nissl ϩ (red). Retrograde labeling (green) of EBD cells in the field (top left) reveals two large and one smaller cell in the ventral gray matter. Nissl red staining (top right) reveals four Nissl ϩ cells in the field, including the three that were retrogradely labeled. Hoechst staining (bottom left) reveals that one of the retrogradely labeled Nissl ϩ cells is EBD in origin, whereas several additional EBD cells were not retrogradely labeled and one additional EBD cell acquired strong Nissl ϩ staining (but did not retrogradely label). The asterisk denotes an EBD-derived cell that retrogradely labeled the sciatic nerve. F, Numa ϩ EBD cells (red) that retrogradely label from the sciatic nerve (green) with orthogonal views confirmingcolocalization.NotethenonretrogradelylabeledEBDcell(redonly,topright)andthehost cellthatretrogradelylabeled(greenonly).Controlanimalsthathadasecondsciaticnervetransection more proximal to the original site to prevent axonal transport of the chemical never exhibited any intraspinal label. weeks. EBD-transplanted rats showed a significant functional improvement as compared with BHK-or HF-transplanted animals at 12 and 24 weeks. Asterisks denote significant recovery of EBD-transplanted animals (p ϭ 0.004 at 12 weeks; p ϭ 0.0001 at 24 weeks). B, Measurement of hindlimb strength via a digital force gauge revealed improved grip strength in transplanted animals (filled triangles), whereas HF-transplanted (filled circles) and BHK-transplanted (open triangles) animals did not. By 6 months after transplantation the EBD-transplanted animals had recovered ϳ40% of their pre-paralysis strength, whereas there had been no recovery in the other groups. Asterisks denote significant improvement in hindlimb strength (p Ͻ 0.001 at 12 and 24 weeks). C, Measurement of righting time as an independent and objective measure of motor recovery. All 15 animals transplanted with either EBD or HF cells were tested for the time required to right themselves when placed in a supine position. Two separate trials were conducted, and the total time required for both trials was summed at the time of transplantation and again at 24 weeks after transplantation. The data are presented as a ⌬ score, reflecting an individual animal's change from its baseline. Positive numbers reflect improved performance on this task, whereas negative numbers reflect worse performance. In all, 11 of 15 EBDtransplanted animals (back row) had an improvement of Ն3 sec, whereas only 1 of 15 HFtransplanted animals did.
and suggests that BDNF may have mediated axonal reafferentation of host motor neurons in transplanted animals in vivo.
To determine whether soluble factors from EBD cells were capable of supporting motor neuron survival, we examined the potential of conditioned medium from EBD cells to allow the survival of cultured motor neurons in a serum-free environment. Conditioned medium from EBD cells was capable of supporting survival of motor neurons without additional growth factor support, whereas virtually 100% of motor neurons incubated with unconditioned L15 medium died within 24 hr (65.9 Ϯ 1.27% survival with EBD conditioned medium vs 3.7 Ϯ 0.176% with unconditioned medium; Fig. 5H ) (p ϭ 0.001) . Incubation of the motor neuron cultures with conditioned medium and neutralizing antibodies to either BDNF or TGF-␣ partially abolished this survival effect (37.1 Ϯ 0.72% with anti-BDNF, p Ͻ 0.001; 26.2 Ϯ 1.56% with anti-TGF-␣, p Ͻ 0.001), Therefore, TGF-␣ and to a lesser degree BDNF secreted from EBD cells supported the survival of cultured motor neurons and may account for the in vivo protection from motor neuron death seen in transplanted animals.
Discussion
In the present study we demonstrate the ability of human pluripotent stem cell derivatives to engraft diffusely throughout the spinal cord and to bring about functional recovery of animals with paralysis because of motor neuron injury. Because of the relatively widespread motor neuron injury induced by raNSV, we adopted a CSF-based delivery system. Thus EBD cells transplanted directly into the lumbar CSF were distributed over the entire rostrocaudal length of the spinal cord and were engrafted over a substantial area. This distribution likely reflects passive dissemination from CSF flow because distribution was identical in nonparalyzed animals. We further show that EBD cells can migrate across the pial layer into the spinal cord parenchyma but do not do so in control animals. Although immortalized stem cells previously have been delivered into the ventricular system and have been shown to migrate into the brain (Snyder et al., 1995; Yandava et al., 1999) , these v-myc-transformed cells adopt the migratory behavior more of tumor cells than of native stem cells. There is no real precedent for parenchymal spinal invasion of nontransformed stem cells or progenitors, and these data raise the possibility that functional restoration over a wide region of the neuraxis may be possible with less invasive transplantation paradigms. The lack of parenchymal migration of EBD cells in nonparalyzed animals indicates that the cells can respond to contextual and damage-associated cues provided either by soluble factors or by the extracellular matrix.
However, the present study also shows that 63% of cells remained adherent to the meninges and did not migrate into the spinal cord parenchyma. Although they may have been critical to the functional recovery that was seen, it is also possible that they might stimulate an inflammatory response that could result in some degree of neurologic injury. In initial studies we have not observed any inflammatory response to the EBD cells nor neurologic deterioration in any transplanted animal, but further investigations should clarify the issue. Additionally, we have not seen any human-derived tumors in Ͼ100 transplanted animals that have been examined to date.
Our initial expectations were that the neurally biased EBD cells potentially would differentiate into spinal neurons, thus facilitating a motor recovery. However, although neuronal differentiation of transplanted cells did occur, it did not occur with enough efficiency to account for the functional recovery. Addi-
Figure5
. EBDtransplantationfacilitateshostmotorneuronsurvivalandaxonalreafferentationof host motor neurons. A, EBD transplantation did not increase the proliferation or differentiation of endogenousspinalneuralstemcells.RatsweregivenBrdUfor3dfromdays12-15afterinfectionand thenwerekilledateitherday16orday36afterinfection.Immunohistochemicalanalysisdetermined thefrequencyofBrdU ϩ cellspersectionorthecolocalizationofBrdUwithnestin,␤-tubulin,orGFAP. AlthoughraNSVinducedneuralstemcellproliferationwithinthespinalcord,nonewneuronscouldbe detected at day 36 with any of the transplantation paradigms. B, Quantitation of the number of L4 ventral root axons at 6 months after transplantation shows a significant increase in surviving axons in transplantedanimalsascomparedwithcontrol-transplantedanimals.L4nerverootsfrom15animals in each group were analyzed; the comparisons were made with a Student's t test (p Ͻ 0.03). C, Representative photomicrographs of the synaptophysin complement on motor neurons at 6 months after transplantation in HF-transplanted (left) and EBD-transplanted (right) rats. D, The number of synaptophysin contacts per motor neuron cell body was enhanced in transplanted animals at 6 months: 50 motor neurons were counted in each of five animals per group. Motor neurons in HFtransplantedratshad10.95Ϯ0.65synaptophysincontactspersoma,whereasEBD-transplantedrats had 18.54 Ϯ 1.14 synaptophysin contacts per soma. Comparisons between HF-and EBDtransplanted animals were performed by the Mann-Whitney test (p Ͻ 0.02). E, F, EBD cells exhibit tropic properties for host axons in a spinal cord organotypic model. EBD cells were placed outside the organotypic margin and cultured for an additional 2 weeks. E, In the presence of EBD cells the host axonswerestimulatedtosendoutprocessesfromtheorganotypicmarginforupto1.2mmafter14d. The bottom panels represent a higher power view of axonal growth (left) into the cluster of human nuclei-labeled EBD cells (right). tionally, we have no evidence to suggest that transplanted cells, even those that did differentiate into neurons, formed synapses with peripheral muscle. It is surprising, therefore, that a significant functional recovery did occur and suggests alternative mechanisms for plasticity in the adult mammalian spinal cord. We found that EBD transplantation slowed or halted progressive motor neuron degeneration triggered by raNSV infection and facilitated a reconstitution of synaptic contacts on surviving host motor neurons. EBD cells secrete large quantities of TGF-␣, a factor known to support the survival of motor neurons Boillee et al., 2001 ) and axonal regrowth after axotomy (Herzog and Otto, 2002) . Indeed, in our studies the amount of TGF-␣ was sufficient to protect cultured motor neurons from death, although it is not yet clear the extent of TGF-␣ secretion by transplanted cells. Interestingly, although TGF-␣ has been reported to enhance astrogliosis in the CNS (Rabchevsky et al., 1998) , we did not see increased astrocyte numbers or activated astrocyte morphology in transplanted animals. Although TGF-␣ has been shown to induce endogenous stem cell proliferation (Fallon et al., 2000) , we did not find any enhanced neurogenesis in the presence of transplanted cells.
Further examination of the spinal cords revealed a virtually complete loss of synaptic complement on surviving motor neurons in the acute phase and enhanced restoration of synaptic complement in transplanted animals. It is well established via pharmacologic, physiologic, and morphologic studies that synaptic input onto motor neuron cell bodies is reduced dramatically after injury (Purves, 1975; Taxi and Eugene, 1995) . This process, termed reactive deafferentation (Titmus and Faber, 1990) , results in neurons that have diminished electrical connectivity to other CNS neurons and plays a role in paralysis. Enhanced reestablishment of such contacts by EBD transplantation may allow the remaining motor neurons to move the hindlimbs more effectively than in nontransplanted animals. Interestingly, diminished presynaptic input onto spinal motor neurons has been observed in human spinal cords from patients with amyotrophic lateral sclerosis, spinal muscular atrophy, and poliomyelitis (Sasaki and Maruyama, 1994; Ince et al., 1995; CruzSanchez et al., 1996) . It is therefore possible that the clinical disability seen in such patients reflects a summation of neuronal loss and neuronal disconnection caused by deafferentation. The tropic support for this axonal reafferentation may involve the secretion of BDNF by EBD cells. BDNF is a factor both for survival of spinal neurons (Lindsay and Peters, 1984; Barde et al., 1987) and for axonal growth (Yuan et al., 2000; Tobias et al., 2001) . We found that EBD cells secrete large quantities of BDNF in vitro and that this amount of BDNF was sufficient to cause robust axonal growth in a spinal cord organotypic model and to promote survival of cultured motor neurons.
In this context EBD cells may be similar to genetically modified non-stem cells, engineered to express neurotrophic factors (Liu et al., 1999b; Tobias et al., 2001) . However, unlike fibroblasts, EBD cells are capable of migrating into the spinal cord of paralyzed animals. The ability of EBD cells to migrate and secrete trophic factors differentiates them from other cellular transplants that have the ability either to migrate or to secrete trophic factors, but not both. Although the amount of neurotrophin secreted by the EBD cells was sufficient for potent biological effects in vitro, it is not clear that this is the mechanism for transplantation effect in vivo. We have estimated that ϳ9 ϫ 10 4 EBD cells survive at 1 month after transplantation (either adherent to the meninges or within the spinal cord). If we assume that the rate of neurotrophin secretion is unchanged in vivo, this corresponds to ϳ229 pg of BDNF and 96 ng of TGF-␣ secretion per day in each spinal cord of transplanted animals. Although these levels do not approach those required to see biological effects when neurotrophins are delivered extrinsically to the spinal cord, it remains possible that local delivery by transplanted cells is more effective than extrinsic neurotrophin delivery. EBD cells exist within close contact of host neurons and axons, and, therefore, local concentration of neurotrophins may approach that seen with extrinsic delivery. Additionally, cell-mediated contacts or locally high neurotrophin levels may stimulate additional neurotrophin secretion by host cells.
